Existing experimental and theoretical evi dence suggests that precapillary diffusion of O2 and CO2 occurs between arterioles and tissue under normal phys iologic conditions. However, limited information is avail able on arteriolar gas transport during anemia. With use of a mathematical model of an arteriolar network in brain tissue, anemic hematocrits of 35,25, and 15% were mod eled to determine the effect of anemia on the exchange, the change in the equilibrium tissue O2 and CO2 tensions, and the increase in blood flow needed to restore tissue oxygenation. We found that the blood P02 exiting the network fell from 66 mm Hg normally to 48 mm Hg during the severest anemia. Concurrently, the equilibrium tissue O2 tensions dropped from 44 to 23 mm Hg. For CO2 the
Experimental and theoretical evidence exists in dicating that, under normal conditions, significant transport of oxygen and carbon dioxide occurs be tween arterioles and surrounding tissue or nearby capillaries and venules. What has not been as widely investigated is the precapillary transport of the blood gases in abnormal physiological states.
Two studies by Pittman (1988, 1990 ) us ing Golden hamsters have looked at the effects of hemodilution and hemoconcentration in retractor muscle arterioles, respectively. During hemodilu tion they found that, compared with control condi tions, blood velocity increases and the arteriolar ox ygen gradient decreases, leading to smaller losses of O2 from these vessels. Hemoconcentration has the opposite effect, decreasing blood velocity, increas ing the O2 gradient, and increasing the O2 diffusion exit blood Pe02 was 58 mm Hg for a 15% hematocrit, an increase of 4 mm Hg from the normal value, and equilib rium tissue Pe02 increased from 56 to 61 mm Hg. Blood flow increases from normal values necessary to offset the effects of the decreased O2 delivery to the tissue were 26, 86, and 222%, respectively, for hematocrits of 35,25, and 15%. We compared our model results with recent exper imental studies that have suggested that the amount of O2 diffusion is much higher than predicted values. We found that these experimental O2 gradients are three to four times larger than theoretical. Key Words: CO2 diffusion Isovolemic hemodilution-02 diffusion-Precapillary transport.
from the arterioles. An interesting consequence of Kuo and Pittman's work was that in the control, hemodilution, and hemoconcentration cases, the experimentally observed amount of O2 diffusion from the arterioles was an order of magnitude greater than the theoretical maximum calculated us ing a Krogh tissue cylinder. This was also con firmed by Popel et al. (1989) .
The present study uses a mathematical model to examine the exchange of O2 and CO2 between ar teriolar blood and the surrounding tissue in the brain during anemia. Four branching sizes of arte rioles were studied, with inner diameters ranging from 22 to 100 !-Lm. These vessels were analyzed as an end-to-end arteriolar network. The anemic con ditions studied represent an isovolemic hemodilu tion. Normal hematocrit is 42.5% and the three ane mic hematocrits are 35, 25, and 15%.
The model is a three-phase (blood, wall, and tis sue), two-gas diffusion problem with nonlinear dis sociation curves for O2 and CO2, Michaelis-Menten kinetics are used to describe the tissue metabolic consumption of O2 and production of CO2, Our pri-mary goals are to determine (a) the effects of vari ous degrees of anemia on the precapillary transport, (b) the effect of anemia on the equilibrium tissue partial pressures far away from the arteriole, and (c) the compensatory increase in blood flow needed to return tissue oxygenation to nonanemic levels.
MATHEMATICAL MODEL

Transport equations
The mass transport equations and solution method have been described in detail previously (Schacterle et aI., 1991) . Briefly, the arteriolar sys tem contains a blood phase, an arteriolar wall phase, and a tissue phase. Conservation of mass is applied to each phase, yielding three partial differ ential equations for each diffusing species. The equations are
where the subscripts b, w, and t refer to the blood, wall, and tissue phase, respectively; P is the partial pressure; K is the effective solubility of the gas in a particular phase; 0.. is the Bunsen solubility of each species; D is the diffusivity of the gas; V is the velocity of the arteriolar blood; M is the rate of consumption of O2 or production of CO2; Qc is the capillary blood flow; and Cc is the entrance capil lary concentration of each species. At the capillary exit, equilibrium between the capillary blood and the tissue is assumed, so that the exit partial pres sure from the capillary equals the tissue partial pressure. Entrance capillary concentrations are cal culated from specified partial pressures. If these partial pressures are set the same as the inlet values to the arteriole, then all the capillaries act as O2 sources (C02 sinks). The blood phase equation contains axial convec tion and radial diffusion terms with fixed partial pressures at the entrance, symmetry at the center line of the arteriole, and matching partial pressures at the blood-wall interface. The transport equation for the wall phase consists of radial and axial diffu sion terms, as well as a metabolism expression. The boundary conditions are zero flux at both axial ends of the wall phase, matching fluxes at the blood-wall boundary, and matching partial pressures at the wall-tissue interface. Finally, the tissue phase mass transfer equation includes radial and axial diffusion, metabolism, and a term describing the effect of the capillaries. Tissue phase boundary conditions are matching fluxes at the wall-tissue interface and zero flux conditions at the outer radial limit and at the axial end of the phase. The outer radial limit is 1 cm. By this distance, exchange between the arte riole and tissue is complete and the arteriole no longer influences tissue partial pressures. We choose a very large value as a safety factor to be sure that, under all possible conditions, the outer tissue radius cannot affect the radial gradients.
The partial differential equations are solved nu merically using a finite difference method. A grid plan extends radially from the centerline of the ar teriole and axially to the boundaries of the system. The differential equations are converted to their fi nite difference equivalents-central differences for terms containing second derivatives and an upwind difference for the convective term in the blood. The equations are solved iteratively for both Peo2 and P02 at each grid point. The convergence criterion, number of grid points, and time step were chosen so as to make the calculation error negligibly small.
02/C02 coupling
The Bohr and Haldane effects that describe the interactions between O2 and CO2 in the blood are included in the model. Acid-base theory presented by Stewart (1981) is used to calculate plasma pH. The main determinants of the hydrogen ion concen tration are the strong ion difference, bicarbonate ion formation, weak acid dissociation and conser vation, and Peo2. The Bohr effect is incorporated into the O2 saturation calculation, which depends on the pH and Po2, as shown below in equations given by Severinghaus (1979) :
P0 2(7.4) + 150Po2(7.4) + 23,400 (4) P02(7 .4) = P02 . el . l ( pH-7.4)
P02 is corrected to a pH of 7.4 and this value is then used to calculate oxygen saturation. Equation 5 rep resents the Bohr effect correction. As shown by Severinghaus, a simple calculation requiring knowl edge of S02 ' Po2, and hemoglobin concentration gives the O2 content of the blood. The Haldane effect, which describes the effect of O2 on CO2 dissociation, is included in the calcula tion of CO2 concentration given by Douglas et al. (1988) . The determinants of the CO2 content are fractional O2 saturation, pH, and hemoglobin con centration (g/lOO ml). The equations are
where [Hb] is hemoglobin concentration (g/ 100 ml), pK applies to the CO2-bicarbonate system, s is the CO2 solubility coefficient for plasma (mM/mm Hg), 2.226 is to convert to milliliters per 100 ml, and the subscripts b and p refer to blood and plasma, re spectively.
The dissociation curve for each species is defined by the species content versus partial pressure rela tionship. For the blood phase, the slope of the curve is the effective solubility Kb. Due to the presence of hemoglobin, which results in a highly nonlinear O2 dissociation curve, Kb cannot be considered con stant. Therefore, in the model we calculate Kb at every grid point for each iteration. The Kb for O2 is obtained by direct differentiation of the dissociation curve expression. For CO2, Kb is calculated from a central difference approximation of the first deriv ative over an interval of 1 mm Hg. Kb appears as the coefficient of the convective term in Eq. 1.
Anemia
Anemia is modeled by changing the hemoglobin content of the blood to a desired level. A hematocrit of 42.5% was assumed to be normal. Hematocrits of 35, 25, and 15% were chosen to model the anemia. These hematocrits correspond to hemoglobin con centrations of 14.4, 11.9, 8.5, and 5. 1 g/ 100 ml, re spectively.
As noted by Lagerlund and Low (199 1) , there is evidence that O2 consumption decreases as P02 de creases. Therefore, we have followed Lagerlund and Low's approach and used Michaelis-Menten kinetics to describe the O2 consumption (and CO2 production). Therefore, the metabolic consumption of O2 is
where M02 is the metabolic oxygen consumption, M o2m a x is the maximum possible consumption, and
Pc 50 is the O2 tension at which the consumption is 50% of maximum. Lagerlund and Low suggest that PC5 0 depends on the O2 consumption rate. Based on their model, measured values of this parameter in brain and liver (Buerk and Saidel, 1978) , and our value of M o2m a x , Pc 50 was chosen to be 2 mm Hg.
J Cereb Blood Flow Metab, Vol. /3, No.5, /993
M o2max values for the wall and tissue were the O2 metabolism values used in our previous model. The production rate of CO2 is also assumed to follow Michaelis-Menten kinetics, with a ratio of CO2 pro duction to O2 consumption of 0.8.
Model parameters
The P02 and Peo2 values were 90 and 40 mm Hg, respectively, in the blood entering the largest arte riole. We modeled the arterioles as a network from largest to smallest. That is, the exit partial pressures of one arteriole were used as the entrance condi tions to the next arteriole. The inlet capillary P02 and Peo2 were also set to 90 and 40 mm Hg, respec tively.
The dimensional and blood flow data for the four arterioles studied are given in Table 1 . Ri is the inner radius, Ro is the outer radius, L is the length, and Qa is the blood flow. Blood flow values were calculated from velocities given by Popel and Gross (1979) , while the study by Duling et al. (1979) pro vided most of the dimensional data. The numbering scheme is from third to sixth order to conform to the identification system in our previous study, in which two additional, larger arterioles were mod eled.
The other model parameters (diffusivities, Bun sen solubilities, effective wall and tissue solubili ties, and wall and tissue metabolic rates) are given in the Appendix and were obtained from other ref erences (Gleichman et aI., 1962; Kazemi and Mith oefer, 1963; Popel and Gross, 1979; Severinghaus, 1979; Scheid et aI., 1980; Feustel et aI., 1984; Roth and Wade, 1986) .
The assumptions inherent to the model have been discussed in our previous article. Two of the major assumptions are that the blood phase is homoge neous in composition and the capillaries are distrib uted uniformly in the tissue. The second assump tion implies that there is a capillary contribution to the arteriolar transport at every grid point in the tissue. This precludes any effect from discretely lo cated capillaries with individual geometries.
We assumed that end capillary partial pressure was at equilibrium with the tissue, and although this is true at normal hematocrit, average tissue P02 de- creases more than venous during anemia (Gutierrez et aI., 1990) . This may be due to release of Oz from hemoglobin (Gutierrez et aI., 1990) or diffusion re sistance between the erythrocyte and the tissue (Hogan et aI., 199 1) . Our model includes the latter, but not the former. Both of these studies examined only capillary transport, while ours allows for trans port in arterioles. Until we understand more about the roles of transport throughout the microcircula tion, the correct relationship between average par tial pressures in the arterioles, capillaries, venules, and tissue under different conditions is not estab lished. We estimate that, in our model, the effect of increasing disequilibrium with decreasing hemato crit would be to lower tissue POz more, increase transport from the arteriole, and require a higher blood flow to restore tissue Po2•
RESULTS
The results presented in Figs. 1 and 2 and Table 2 are due solely to hematocrit changes. No compen satory blood flow increases were included in these calculations. Circulatory adjustments that were studied in the model will be discussed the next sec tion.
Partial pressures of oxygen and carbon dioxide in the arteriolar network are displayed in Fig. I . As hematocrit decreases, the amount of oxygen in the blood drops significantly, especially in severe ane mia ( Fig. IA) . At normal hematocrit, an exit POz of �66 mm Hg results from the network, but for a decrease in hematocrit to 15%, this value is reduced to �48 mm Hg.
Similar curves for CO2 are presented in Fig. lB . In this case, the Peoz of the blood increases with decreasing hematocrit. For an entrance Peo2 of 40 mm Hg, the exit Peoz of the network is �54 mm Hg normally and �58 mm Hg in the severest anemia. Table 2 contains information on the extent to which the vessels are in equilibrium with tissue far away (1 cm radially) from the arterioles. The partial pressures at this point in this tissue are determined solely by the metabolism, capillary blood flow, and entrance capillary partial pressures. The extent of equilibrium is defined as the difference between the partial pressures at the network inlet and the outlet of the arteriole in question divided by the partial pressure difference between the network inlet and the faraway tissue. The Oz transport from the arte rioles is 52.3% of the way to equilibrium with the tissue under normal conditions. This value rises to 62.4% as hematocrit drops to its lowest level. For COz with a normal hematocrit, th equilibrium be tween the arteriolar blood and the tissue is 86.6% complete by the end of the network. The equilib rium is 91.8% complete when hematocrit has been lowered to 15%. The faraway equilibrium tissue partial pressures are displayed in Fig. 2 . Tissue POz as a function of hematocrit is shown in Fig. 2A , while tissue Peoz is plotted in Fig. 2B . Tissue Peoz changes only slightly, from 56.2 to 60.5 mm Hg, with decreases in hematocrit. On the other hand, tissue POz under goes a substantial drop from 44.1 to 23.1 mm Hg. While the data in Fig. 2 are at a radial distance of 1 cm, the tissue attains these values well before this point. By �2,000 /-Lm, the tissue partial pressures are at their final values. The actual distance de pends on arteriolar size and hemodilution condi tion.
The increase in arteriolar and capillary blood flow necessary to offset the effects of the anemia and return tissue oxygenation, as measured by partial pressure, to normal values is depicted in Fig. 3 . The relative increases in flow were the same for the ar- terioles and the capillaries. In this figure, the blood flow increase is plotted against the hematocrit. The solid line represents the results from the model and the filled circles are data from Bartlett and Tenney (1963) . In their study with rats, they created subcu- pared with experimental data from (e) Bartlett and Tenney (1963) and (0) Hudak et al. (1989) . At hematocrits below 25%, the predicted blood flow increase appears to deviate from the experimental data.
taneous gas pockets and allowed them to equilibrate with the surrounding blood and tissue under various levels of isovolemic anemia. They then measured the equilibrium P02 and Pco2 in the pocket, the mi crocirculation hematocrit, and blood flow in creases. For the modeled hematocrits of 35, 25, and 15%, the blood flow must increase by 26, 86, and 222%, respectively. Data from effects of anemia on brain blood flow (Hudak et aI., 1989) are repre sented in Fig. 3 by open circles. Our model predic tions of blood flow needed to restore tissue P02 agree well with the experimental data. Kuo and Pittman (1988) measured changes in O2 saturation per unit arteriolar length (6. S o2/L) in Golden hamster retractor muscle under control and isovolemic hemodilution conditions. Their results are shown in Fig. 4 . Under control conditions the Kuo and Pittman (1988) . Predicted amounts of O2 diffusion are an order of magnitude lower than observed quantities. The ar terioles modeled were identical in size and blood flow to those reported by Kuo and Pittman. The arteriolar orders in parentheses are Kuo and Pittman's designations.
I::. S02/ L in their smallest arteriole was 13. 1 %/mm. With a hemodilution to a hematocrit of �28%, I::. SoiL fell to 7.8%/mm in their smallest vessel. Also displayed in Fig. 4 are the O2 gradients pre dicted by the model for the same arterioles, using Kuo and Pittman's data for entrance partial pres sures, hematocrit, blood flow, and diameter under control and hemodilution conditions. Furthermore, the capillary entrance partial pressures were set to give the faraway tissue P02 reported by Kuo and Pittman. The result of this was that capillaries within 10 fLm (0. 1% of the tissue volume) behaved as O2 sinks. As is evident from the plot, there is a large discrepancy between the experimental and model results. According to the model, the O2 gra dients in the smallest arteriole are 3. 1 and 2.8%/ mm, respectively, for control and anemic condi tions.
DISCUSSION
O2 and CO2 transport during anemia
The high blood flow rate of the brain is crucial for meeting the oxygen demand of the organ. Unlike skeletal muscle, which can tolerate hypoxic condi tions for a prolonged period of time, the brain re quires almost constant oxygenation for its survival. During anemia this supply of oxygen can be com promised. Precapillary transport under these condi tions would be even more critical than normally. Therefore, we have modeled brain arteriolar trans port during anemia to better understand what tran spires in the living tissue.
As the severity of anemia worsens, the O2 capac ity of the blood drops dramatically. The reduced ability of the blood to transport O2 is due to the decreased hemoglobin content of the blood. Con currently, the blood CO2 content increases substan tially. The increases in the CO2 partial pressures arise from the flattening of the CO2 dissociation curve during anemia (Bartlett and Tenney, 1963) , which is included in the model equations. This ele vates the equilibrium tissue Pe02 which leads to increased blood Pe02 to achieve the same amount of exchange.
Interestingly, even though the O2 content of the blood is decreased in anemia, the amount of O2 de livered from the arterioles to the tissue increases slightly. In the severest anemia, 1.57 vol% of O2 leaves the blood through the arteriolar walls com pared with 1.5 1 vol% under normal conditions. The increase in the CO2 content of the blood was con stant at 3.26 vol%. Of course, these values do not take into account observed increases in blood flow. When blood flow is augmented so as to return tissue O2 tensions to normal levels, the amount of O2 and CO2 exchanged is 1.22 and 2.48 vol%, respectively.
At the end of the arteriolar network, the partial pressure equilibrium between the arteriolar blood and the tissue is almost complete for CO2 and more than halfway complete for O2 (shown in Table 2 with no change in blood flow). If the extent of equi librium between the arteriolar network and tissue is calculated from O2 and CO2 concentrations instead of partial pressures, slightly different values result. With a normal hematocrit, the O2 equilibrium based on concentration is 30.3%. This percentage in creases to 32.8% for a 15% hematocrit. For CO2, the equilibrium between the blood and the tissue is 83.0 and 86.5% for hematocrits of 42.5 and 15%, respectively. The differences between O2 values based on partial pressure and concentration are due to the nonlinearity of the O2 dissociation curve. The much smaller discrepancy between the CO2 values is explained by the almost linear dissociation curve for CO2, In either case, significant diffusion must be occurring to and from these vessels.
As shown in Fig. 2 , the tissue equilibrium P02 value drops dramatically with hematocrit, while the equilibrium Peoz value increases only moderately. These changes are due almost exclusively to the changes in hematocrit. For instance, the changes exhibited by CO2 are not significantly influenced by changes in O2, With a constant O2 tension and de creasing hematocrit, the tissue Pe02 values show the same relative increase from the normal hemat ocrit value. The absolute values are 2-4 mm Hg higher. Similarly, when pe02 is held constant, the percentage decrease in tissue P02 is unchanged, and the actual values are only 3-6 mm Hg lower.
Blood flow changes
When the Oz-carrying capacity of the blood is lowered in vivo but the total blood volume remains constant, blood flow increases significantly to offset the decreased O2 delivery to the tissues. This aug mentation of flow occurs for several reasons (Pitt man and Duling, 1977; Berne and Levy, 1988; Kuo and Pittman, 1988) .
Our predicted increases in arteriolar and capillary blood flow necessary to return tissue oxygenation to normal correspond quite well with experimen tally determined values for moderate anemia (Bar tlett and Tenney, 1963; Kuo and Pittman, 1988; Hudak et aI., 1989) , which have shown that a 20-40% increase in blood flow is common. As hemat ocrit drops below �25%, the predicted increase in blood flow is at the upper range of experimental values. Higher velocities in the arterioles (Ma et aI., 1974; Schacterle et aI., 199 1) or assuming disequi-librium between end capillary and tissue P02 would cause more divergence between the data and model prediction.
O2 gradients Duling et al. (1979) measured P02 on the surface and in the lumen of four orders of pial arterioles with normal hematocrit in cat brain. Their first two orders contained vessels much larger than those modeled. However, in their third-order arterioles, which averaged 45 (J.. m in inner diameter, the aver age surface P02 was 73.6 mm Hg and the luminal P02 averaged 80. 1 mm Hg. Our model values were 63.5 and 78.0 mm Hg, respectively, for our fourth order arteriole, which has an inner diameter of 54 (J.. m. Their fourth-order arterioles were the same size as our sixth-order vessels (22-(J.. m ID). They found average surface and luminal P02 values of 60.7 and 72.6 mm Hg, respectively. Our model gave average values of 58.7 and 67.6 mm Hg, respec tively. These results show that our model predicts radial and longitudinal gradients that are similar to measured gradients in brain tissue. Not all of our model parameters are available for brain tissue, so some caution in interpreting our results is appropri ate.
Recently a discrepancy has been noted between the amount of theoretically possible and experimen tally measured O2 diffusion from arterioles. The study by Kuo and Pittman (1988) compared the measured O2 losses from hamster cheek pouch re tractor muscle arterioles with those predicted by the model of Popel and Gross (1979) . They found that the maximum amount of exchange mathemati cally possible was an order of magnitude less than what they measured experimentally. They suggest that perhaps diffusional shunting, diffusion from the arterioles to nearby capillaries and venules, is re sponsible for the discrepancy. While our model does include exchange with nearby capillaries, it does not account for countercurrent exchange with adjacent venules since this is an unlikely occur rence in brain tissue due to the layout of the blood vessels. Honig et aI., (199 1) found no evidence for significant arteriolar or countercurrent exchange of O2 in gracilis muscle. Popel et al. (1989) , using Kuo and Pittman's data, reported that O2 loss from the perfused arterioles was 10-15 times greater than that predicted from conservation of mass and Fick's law applied to an isolated arteriole. They allow that one explanation is that the O2 permeability of the tissue is an order of magnitude greater than previously thought. They propose that this difference might be due to the per fusion conditions of the tissue-previous perme-J Cereb Blood Flow Metab, Vol. 13. No.5, 1993 ability measurements having been made in unper fused tissues. We used our model to simulate Kuo and Pitt man's conditions. While their data are for striated muscle and our model is for brain tissue, no study was available in brain that contained the necessary information. Our model results and their experi mental results are presented in Fig. 4 . Our values are almost exactly the same as those reported by the authors using Popel and Gross's model. Since tissue permeability is not an explicit parameter in the model, we calculated the increase in diffusivity (one component of permeability) necessary to attain the level of transport seen experimentally in the four orders of arterioles. For Kuo and Pittman's control conditions, the average diffusivity needed was 7.9 x 10-4 cm 2 /s, a value 52 times higher than our nominal value. Simulation of their hemodilution experiments required an average diffusivity of 2.0 x 10 -4 cm 2 /s. This is 13 times larger than normal. Obviously, either inaccuracies in the experimental measurements, in the mathematical model of the experimental conditions, or in both are responsible for the inconsistency. The answer to this puzzle should greatly advance our interpretation of blood tissue gas experiments.
Anemia alone increases the extent to which O2 and CO2 have equilibrated between the arterioles and tissue. There is also a small increase in the amount of O2 exchanged even though the carrying capacity of the blood is diminished. However, the transport is dramatically altered when observed blood flow changes are modeled, resulting in less exchange due to repositioning along the dissocia tion curves, as well as a decreased residence time of the blood in the arterioles. hemoglobin concentration of blood (g/100 ml) Bunsen solubility of O2 or CO2 (ml/gas/ml blood/mm Hg) O2: 3.1 x 10-5; CO2: 6.83 x 10 -4
